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S-Nitrosylation has recently emerged as an important posttranslational modiﬁcation of proteins and is
becoming an intensive ﬁeld of research in plants. Protein S-nitrosation, a reversible post-translation
modiﬁcation of cysteine, affects many cell signaling pathways and plays critical roles in redox-sensitive
cell signaling. Changes in protein function effectively transmit biological signals and thus provide a
framework for elucidating signaling networks. This paper presented a new, universal immunosensor
for detection of S-nitrosylated proteins. Electrochemical impedance spectroscopy (EIS) and atomic force
microscope (AFM) were used to estimate the formation of self-assembled ﬁlm. This method was based on
the speciﬁc binding characteristics of biotin–streptavidin, using Biotin-HPDP labeled protein sulfhydryl
group as the substrate to detect proteins. The sensor was used to detect bovine serum albumin (BSA),
nitrosylated BSA and denitrosylated BSA. The results showed that 90.61% of nitrosylated BSA were
reduced, verifying that protein S-nitrosylation is a reversible and effective post-translation modiﬁcation.
This method was successfully applied to detect S-nitrosylated protein in Feicheng peach. The results
showed good repeatability and precision. This method provided a molecular basis for further exploring
the mechanism of S-nitrosylation of proteins in plants.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
S-Nitros(yl)ation is a reversible modiﬁcation of free cysteine
residues mediated by nitric oxide (NO), resulting in generation of
S-nitrosothiols. NO can react with thiol group of cysteine residues
to form S-nitrosothiols (S-nitrosylation) [1,2]. S-Nitrosylation
was thought to be controlled principally through the regulation
of NO biosynthesis. Emerging evidences, however, indicate that
nitrosothiol (SNO) turnover may provide an alternative regulatory
mechanism [3,4]. S-Nitrosylation of the antioxidant tripeptide glu-
tathione forms S-nitrosoglutathione (GSNO), which is thought to
function as a mobile reservoir of NO bioactivity [5]. During the past
few years, S-nitrosylation, the covalent and reversible binding of
NO to the thiols of reduced reactive cysteine residues, has emerged
as an important posttranslational modiﬁcation [6]. S-Nitrosylation
is thought to account for much of the widespread inﬂuence of NO
on cellular signaling through redox-based biochemical regulation
of signaling component [7,8]). Protein S-nitrosylation can produce
a labile S-nitrosothiol structure and some functional alterations,
containing a broad range of physiological and pathological cellular
instances [9,10].There are some techniques to detect S-nitrosylated protein,
including UV–Vis spectroscopy [11], electrochemistry [12,13],
Biotin switch method [14], high performance liquid chro-
matography–tandem mass spectroscopy (HPLC–MS) [15,16], Gold
nanoparticle enrichment technique [17] and ﬂuorescence labeling
method [18]. However, these methods for detection S-nitrosylated
protein seem to be insufﬁcient. Themethod of UV–Vis spectroscopy
is simple, but has many disturbing components. There are a lot of
advantages of electrochemical method to monitor S-nitrosylation,
which can obtain higher sensitivity, accuracy and wider measuring
range compared to other methods. However, many disadvantages,
such as long time and poor repeatability, make it signiﬁcantly more
difﬁcult to perform. Biotin switch method is relatively effective and
sensitive, but this method may produce false negative results.
Fluorescein labeling method has the advantage of saving time, can
qualitatively analyze single pure but not mixture samples, and fails
to determine the site of S-nitrosylation.
Surface plasmon resonance (SPR), a surface-sensitive detecting
technique based on changes in refractive index (RI), can be used
to measure the changes occurring on the thin metal ﬁlms as a
result of recognition events or chemical reactions [19,20]. Owing
to its features of simplicity, low cost, non-labeling, high-sensitivity
and real-time measurement, SPR monitoring has received much
interest from scientiﬁc community [21–24]. This interesting
technique has become a widely method used to monitor protein
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biochemical reactions [25–28]. In this paper, a simpler and more
selective method for detection S-nitrosylated proteins by using
SPR technology were established and successfully applied to
analyze the protein S-nitrosylation in peach fruit.2. Material and methods
2.1. Material
Biotin-HPDP and 11-mercaptoundecanoicacid (COOH-tin)
were purchased from Sigma. Bovine serum albumin (BSA) was
from Roche. HRP-streptavidin was obtained from the Beyotime
Biotechnology (China). N-hydroxysuccinimide (NHS), sodium
ascorbate, ethanolamine hydrochloride, and N-ethyl-N0-(3-diethy-
laminopropyl) carbodiimide (EDC) were purchased from Aladdin
Chemistry CO. Ltd. All other reagents and solvents were analytical
reagent grade and MilliQ-grade water was used. All solutions were
ﬁltered with 0.22 mm microﬁltration membrane and thoroughly
degassed prior to use.
2.2. Preparation of SPR biosensor
Immobilization of COOH-tin on gold surface was carried out
according to the procedure published previously [29,30]. The
gold-sputtered slide glass, as a sensor chip, was dipped in 10 mL
of freshly prepared piranha solution (70% H2SO4, 30% H2O2) for
10 min, rinsed with anhydrous ethanol and copious distilled water,
then placed into 20 mL of 1.0 mmol L1 COOH-tin in ethanol, and
kept at 4 C overnight. The surfaces of gold-sputtered slide glass
were washed with absolute ethanol and super-pure water before
being dried under a stream of nitrogen, and then placed in
0.1 mol L1 sodium phosphate buffer (PBS) (pH 7.4, including
0.2 mol L1 EDC and 0.05 mol L1 NHS) for 20 min to activate the
carboxyl groups into reactive N-hydroxysuccinimate esters. After
rinsed, the gold plate was immersed in 20 mL of 0.1 mol L1 PBS
buffer (pH 7.4, containing 0.1 g L1 streptavidin) for 24 h at room
temperature, and then rinsed thoroughly with distilled water.
Ethanolamine solution (1 mol L1) was used to deactivate and
block the unreacted esters and desorb the electrostatic bound
proteins or other small molecules. During the ﬁnal step, the
gold substrate was submerged in 20 mL of 0.1 mol L1 PBS buffer
(pH 7.4, containing 0.1 g L1 Biotin-HPDP) overnight at ambient
temperature. Thus the surface-grafted ﬁlm on a gold-sputtered
slide glass was formed.
2.3. FT-SPR experiments
The Fourier transform-surface plasmon resonance (FT-SPR)
measurements were performed with an SPR-100 module
(Thermo) equipped with a ﬂow sample cell mounted on a
goniometer, which was inserted in a Thermo Nexus FT-IR
spectrometer with a near-IR tungsten–halogen light source. The
incidence angle was adjusted to have minimal reﬂectivity located
at 9000 cm1 at the beginning of each experiment so as to be in
the best sensitivity region of the Indium Gallium Arsenide
(InGaAs) detector. A peristaltic pump was used to pump the
analyte or wash solution from a reservoir into the ﬂow cell. PBS
buffer (0.1 mol L1, pH 7.4) was used as running buffer, and the
ﬂow rate was 1.20 mL min1. Different concentrations of tested
compounds dissolved in the running buffer were injected into
the ﬂow cell until the wavenumber shifts reached stable values.
The stable wavenumber shifts were recorded in real time using
the FT-SPR. Before each binding measurement for the sample
solutions, the SPR sensor chips were washed with PBS buffer(0.1 mol L1, pH 7.4) in turn until a stable base line was obtained.
The data (shown as a wavenumber shift in SPR angle) were
expressed as the wavenumber shift in SPR angle of sample
subtracting the background data of PBS (0.1 mol L1, pH 7.4) from
those obtained from sample solutions. The average of ﬁve
replicated measurements was obtained for each sample. Most of
solutions were ultrasonicated in all the experiments.
2.4. AFM measurements
Atomic force microscopy (AFM) was demonstrated with a
dimension icon scan probe microscopy (Veeco Instruments Inc,
America) to study the surface morphologies of the SPR chip in tap-
ping mode. All AFM images were obtained by NanoScope Analysis.
2.5. Electrochemical measurements
Cyclic voltammogram (CV) and alternating current impedance
experiments were done on CHI 660A workstation (Shanghai
Chenhua Instruments Company, China). A conventional three-
electrode electrochemical system, with modiﬁed Au chip as work-
ing electrode, a platinum wire as counter electrode and a saturated
calomel electrode (SCE) as the reference electrode, was used to
measure the electrochemical response. The electrochemical
measurements were performed in 0.1 mol L1 PBS (pH 7.0,
containing 10 mmol L1 [Fe(CN)6]3/4and 1 mol L1 KCl) at room
temperature.
Gold disk electrode (1-mm diameter) was used for electro-
chemical impedance measurements. The electrode were pretreated
as described in the previous work and form a monolayer of
103 mol L1 COOH-tin by immediately immersing a cleaned gold
electrode in a solution of COOH-tin in absolute ethanol [31]. And
the multilayer construction was performed according the same
procedure as described previously in preparation of SPR biosensor
section [32].
2.6. Sample preparation
Peach fruits (Prunus persica (L.) Batsch, cv. Feicheng) picked
from Feicheng Shandong province in China at mature stage, were
treated by scavenge c-PTIO, nitric oxide (5 lmol L1 NO,
15 lmol L1 NO, 30 lmol L1 NO), respectively. The fruit treated
with distilled water used as the control (CK). All the fruits were
frozen immediately in liquid nitrogen and stored at 80 C.
Mitochondria were isolated from peach fruits at 0–4 C [33].
Mesocarps of peach fruits (10 g) were homogenized with 20 mL
of 25 mmol L1 Mops-KOH (pH 7.8, containing 0.4 mol L1 D-man-
nitol, 1 mmol L1 EGTA, 10 mmol L1 tricine, 8 mmol L1 L-cys-
teine, 0.1% BSA, 1% PVP) at 4 C for about 20 min. Then the
homogenates were ﬁltered through 6 layers of cheese cloth. The
ﬁltrates were centrifuged at 3000g and 4 C for 5 min. The super-
natants were then centrifuged at 16,000g and 4 C for 25 min. The
pellets were resuspended with 2 mL of 10 mmol L1 Mops-KOH
buffer (pH 7.2, including 0.4 mol L1 D-mannitol, 1 mmol L1
EGTA, 0.1% BSA), and centrifuged at 16,000g and 4 C for
30 min. The pellets were collected as crude mitochondria. The
crude mitochondria were puriﬁed by sucrose step density gradient
centrifugation [34]. The puriﬁed mitochondria were resuspended
with 1 mL 0.1 mol L1 PBS buffer (pH 7.4) and disrupted by ultra-
sonator (JY92-IID, Ningbo Xinzhi Co. Ltd, China) for the following
experiments. In a preliminary step of the procedure, free thiols of
protein were blocked by methylthiolation with 0.02 mol L1
methyl methanethiosulfonate (MMTS). This modiﬁcation can be
reversed by reduction with 2-mercaptoethanol (2-ME). Unreacted
MMTS was removed in a subsequent step either by ﬁltering the
protein mixture through a spin column (Micro Bio-Spin P6,
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were selectively reduced with ascorbate (0.05 mol L1) to reform
the thiol [35]. The free thiols of protein were detected by FT-SPR
technique.Fig. 1. Characteristics of SAM.3. Results and discussion
3.1. Immobilization of the BSA onto biotin/streptavidin/COOH-tin/Au
surface
BSA, as an acidic single polypeptide protein with molecular
weight of 66.4 kDa, has been used extensively in the pharmaceuti-
cal industry for a variety of applications. BSA is selected as the pro-
tein model because of its low cost, ready availability, and unusual
ligand-binding properties. BSA is constituted by 582 amino acid
residues, of which 35 cysteines compose 17 disulﬁde bonds.
There is only one free hydrosulphonyl, which can be used as sub-
strate to detect S-nitrosylated protein. The formation process of
the multilayer was as follows: Firstly, one layer of COOH-tin was
immobilized on bare gold by Au–S bond. Secondly, the layer of
streptavidin was immobilized on the self-assembled monolayer
of carboxyl terminated alkanethiol on the gold surface using EDC
and NHS as activators [36]. Thirdly, Biotin-HPDP was speciﬁcally
bound to streptavidin/COOH-tin/Au surface. Finally, BSA reacted
with Biotin-HPDP to produce stabilized disulﬁde bond, thereby
immobilized onto biotin/streptavidin/COOH-tin/Au surface
[37–39]. Self-assembly process was given in Scheme 1.
3.2. SPR study of multilayer formation
To verify whether the self-assembled ﬁlms were immobilized
on the surface of the gold substrates, the FT-SPR spectra on bare
gold, COOH-tin modiﬁed ﬁlms and streptavidin/COOH-tin/Au ﬁlms
in contact with 0.1 mol L1 PBS buffer (pH 7.4) were measured by
SPR at room temperature, respectively (Fig. 1). The wavenumber
shifts of 124 cm1 and 142 cm1 were observed onto the
COOH-tin modiﬁed ﬁlms and streptavidin modiﬁed Au surfaces,Scheme 1. Schematic of covalent immobilization ofrespectively. This result certiﬁed the formation of the molecularly
self-assembled layer on the gold surface [31].3.3. AFM measurements
AFM was used to characterize the surface self-assembly ﬁlm of
the BSA/biotin–streptavidin/COOH-tin/Au ﬁlms. Images obtained
in air using a NanoScope IIIa (Digital Instruments) in tapping mode
with standard silicon cantilevers had a normal spring constant of
28 nm1 (Fig. 2). The morphology of bare gold had a smooth
surface. However, after immobilization of COOH-tin, the increase
in surface roughness indicated that a COOH-thiol monolayer
formed on a gold surface. The following immobilization of strepta-
vidin and Biotin-HPDP, the enlargement of particle compactness on
gold surface demonstrated streptavidin and Biotin-HPDP onto the
COOH-tin/Au, and the presence of a uniformly distributedBSA on biotin/streptavidin/COOH-tin/Au SAM.
Fig. 2. Topography 2D images with 3D insets obtained by AFM, (A) bare gold, (B) COOH-tin/Au, (C) streptavidin–biotin/COOH-tin/Au, (D) BSA/biotin-streptavidin/COOH-tin/
Au.
Fig. 3. (A) Impedance spectra of Au (a), COOH-tin/Au (b), streptavidin/COOH-tin/Au (c), biotin/streptavidin/COOH-tin/Au (d), BSA/biotin/ streptavidin/COOH-tin/Au (e) in
10 mmol L1 K3Fe(CN)6 and 1 mol L1 KCl solution. (B) Cyclic voltammograms of Au (A), COOH-tin/Au (B), streptavidin/COOH-tin/Au (C), biotin/streptavidin/COOH-tin/Au (D),
BSA/biotin/ streptavidin/COOH-tin/Au (E) in10 mmol L1 K3Fe(CN)6 and 1 mol L1 KCl solution. The accumulation time and scan rate were 5 s and 100 mV/s, respectively.
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Fig. 4. (A) The inﬂuence of pH on the performance of streptavidin combined with gold. (B) The dynamics curve of Biotin-HPDP and BSA.
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streptavidin/COOH-tin/Au electrode [40,41].Fig. 5. The determination of different concentration of BSA.
Table 1
Reaction rate between Biotin-HPDP and BSA.
Temperature (C) 15 21 27 36
Velocity (mol mol1) 1.3015 1.9128 1.5709 0.7343.4. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a highly effec-
tive method for investigating the features of a surface-modiﬁed
electrode using the redox probe [Fe(CN)6]3/4 [42,43]. In this
study, EIS was carried out to explore the changes in charge transfer
resistance (Rct) that aroused from every surface modiﬁcation step
as shown in Fig. 3A. The value of Rct, charge-transfer resistance,
obtained as 780X (b) for COOH-tin/Au was bigger than that of
the bare gold electrode (260X) (a). This result could be attributed
to the pulsion between the negative charge of the COOH-tin with
terminal carboxyl groups on the electrode surface and
[Fe(CN)6]3/4 in solution resulting in the reduction of electron
charge or increase of resistance to the ﬂow of electrons. From
Fig. 1A(c), it is apparent that the Rct increased dramatically to
about 1200X, which proved the higher steric hindrance – the
amount of ferri/ferrocyanide ions approached to the electrode
surface was decreased after binding of streptavidin. Because strep-
tavidin was nonconductive, electron-transfer of [Fe(CN)6]4/3 was
blocked by the multilayer ﬁlm. In the following ampliﬁed steps by
adsorption of Biotin-HPDP, the value of Rct was obtained with
760X (d). This result might be attributed to the presence of redox
couples present in the solution. Moreover, the nitrogen atom in the
pyridyl was powerful, and had high electron-withdrawing
property, so the electrode surface impedance value decreased.
The electrode surface was coated with BSA. It could be seen that
the interfacial electron transfer resistance was ampliﬁed from
760 (d) to1700X (e). Compared to the earlier steps, the value of
Rct in the last process was largest, which suggested that the effect
of ampliﬁcation was very obvious.3.5. Cyclic voltammetric response studies
CV is also an effective way to explore the characterization of a
surface-modiﬁed electrode. As shown in Fig. 3B, the redox peak
currents were: BSA < SA < COOH-tin < Biotin-HPDP < blank gold.
These results were consistent with EIS. Depending on the results
of EIS and CVs, it could be seen that the electrode was fabricated
by layer-by-layer modiﬁcation.3.6. Effects of pH on the performance of streptavidin combined with
gold
According to the literatures [31], using PBS buffer as the
experiment buffer system, the effect of pH on the performance of
streptavidin assembled onto gold surface was studied by varying
the pH in the range of 6.0–10.0. Fig. 4A showed that the wavenum-
ber shifts increased from pH 6.0 to 7.4, and reached the maximum
at pH 7.4. However, when the pH values ranged from 7.4 to 10.0,
the adsorption of streptavidin on the COOH-tin ﬁlm decreased.
The phenomenon could be explained by the fact that under neutral
and alkaline environment, carboxyl was activated by EDC/NHS
with negative electricity, and could utilize electrostatic adsorption
to make proteins gather on biosensors. As a result, pH of the PBS
solution should be lower than the isoelectric point of protein,
which facilitated streptavidin combining into gold surface. Hence,
the pH of PBS buffer was adjusted to 7.4 for all of the experiments.
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BSA
The chemical reaction between Biotin-HPDP and hydrosulpho-
nyl would generate pyridine-2-ketone of sulfur, which had speciﬁc
absorption peak at 340 nm. Fig. 4B revealed the kinetic reaction
between Biotin-HPDP and BSA at different temperature. Through
real-time monitoring of OD343 changes, the kinetics of reaction
between Biotin-HPDP and BSA were studied. Fig. 5 demonstrated
that the reaction reached equilibrium after 600 s, OD343 also
achieved maximum and no longer changed after 600 s. The result
indicated that the optimum time of the Biotin-HPDP reaction with
BSA was 600 s. As bioactive molecule, protein interaction was
inﬂuenced by temperature. The reaction kinetics curves were
studied at different temperatures, and the reaction velocity was
in Table 1.
Table 1 showed the reaction rate reached the maximum at
21 C, and at the temperature the reaction reached equilibrium
ﬁrstly. As a result, the optimum temperature was 21 C of the four
temperatures above.
3.8. SPR detection of different concentration of BSA
A range of different concentrations of BSA were detected by SPR
technique, and a very good linearity from 0.1 to 1.0 mg mL1 in the
range of the tested BSA concentration was found (R = 0.998). With
BSA concentration increasing, the speciﬁc binding sites between
Biotin-HPDP and BSA would reach saturation. However, the
non-speciﬁc binding resulted in a non-quantitative relationship
between the substrate molecule and the speciﬁc binding sites.
3.9. S-Nitrosation of BSA nitrosylated by S-nitrosoglutathione (GSNO)
Transnitrosation reactions in which an NO+ (nitrosonium ion)
group is directly transferred from a S-nitrosated protein (PSNO)
or a low-molecular-weight RSNO, such as GSNO [44], to another
protein thiol can lead to protein S-nitrosation. BSA S-nitrosation
can result from transnitrosation reactions induced by GSNO. In
order to further present BSA was nitrosylated to what extent and
prove hydrosulphonyl speciﬁcity combination of the BSA, three
experiments were designed: (i) control, BSA (ii) BSA + GSNO, BSA
(1 mg mL1) was were treated with 1 mmol L1 GSNO (iii)
BSA + GSNO + DTT, nitrosylated BSA were reduced by reducing
reagent DL-Dithiothreitol (DTTS).
Fig. 6A demonstrated that the wavenumber shifts caused by
BSA solution of 1 mg mL1 in 0.1 mol L1 PBS buffer was 68.743.Fig. 6. (A) The reference experiment of GSNOThe wavenumber shifts caused by BSA + GSNO was 19.295,
wavenumber shifts declined 71.93% compared to the control. The
results suggested that most of the free thiol residues of BSA were
nitrosylated by GSNO. In other words, 71.93% of BSA occurred
S-nitrosation. However, the modiﬁcation was reversible. The
wavenumber shifts caused by BSA + GSNO + DTT solution in
0.1 mol L1 PBS buffer was 62.287, of which 90.61% of nitrosylated
BSA were reduced with DTT treatment, and got sulfur free residue.
The results indicated S-nitros(yl)ation was the reversible
NO-mediated modiﬁcation of free cysteine residues.3.10. Detection of S-nitrosylated protein in peach fruit
In order to demonstrate the applicability of the coupled method
for analysis of the real samples, the sensor was used to detect
S-nitrosylated proteins from different treatment peach fruits.
S-Nitrosylated protein was reduced by ascorbate to re-form thiol
that was combined with Biotin-HPDP instead of BSA, thus the
SPR response was obtained. As shown in Fig. 6B, the wavenumber
shifts caused by the control of peach fruits was 103.2115. The
wavenumber shifts caused by c-PTIO of peach fruits was
99.13867, which wavenumber shifts decreased by 4.07283 com-
pared to that of the control (103.2115). The wavenumber shifts
caused by 5 lmol L1 NO of peach fruits was 120.2557, which
wavenumber shifts increased by 16.9407 compared to control
(103.2115). The wavenumber shifts caused by 15 lmol L1 NO of
peach fruits was 136.0763, which wavenumber shifts increased
by 35.8613 compared to the control (103.2115). The wavenumber
shifts caused by 30 lmol L1 NO of peach fruits was 108.0357,
which was only 79.34% that of the treatment with 15 lmol L1
NO. The free sulfhydryls, which were released by S-nitrosylated
protein of peach fruits pretreated with NO, showed a signiﬁcant
increase in wavenumber shifts compared to the control.
Whereas, the wavenumber shifts that caused by free sulfhydryls
from the S-nitrosylated protein of peach fruits pretreated with c-
PTIO was least than that of other treatments. The results suggested
that NO could promote the S-nitrosylation of proteins and the
protein S-nitrosylation was prevented by c-PTIO. Treatment with
15 lmol L1 NO caused the maximum wavenumber change, while
the wavenumber shift showed downward trends caused by the
treatment with 30 lmol L1 NO. The results also indicated that
the nitrosation functions of protein sulfhydryl groups would be
inhibited if NO concentration was high. Universality and simplicity
of performing the test would not only allow its application for
detection method in fruits, but also in plants and animals.. (B) The determination of real samples.
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In this study, a universal SPR sensor was constructed for the
detection of S-nitrosylated protein using streptavidin and Biotin-
HPDP as signal ampliﬁcation elements. The formation of multilayer
was detected in real time based on SPR. EIS and AFM were also
used to characterize the formation of multilayer. The results from
the biosensor effectively indicated S-nitrosation was the reversible
NO-mediated modiﬁcation of free cysteine residues. This method
was successfully utilized to estimate S-nitrosylated protein of
peach fruits. The results indicated that NO could promote the
S-nitrosylation of proteins. With the concentration of NO increasing,
S-nitrosylation of proteins in peaches enhanced. If the concentra-
tion of NO was too high, the S-nitrosylation of peach fruits would
be inhibited. The method for the detection of S-nitrosylated protein
in real samples offered good accuracy, high sensitivity and
selectivity, which can provide a technology for further study on
S-nitrosation.
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